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A6 ST RACT 
A tunable d iode laser  heterodyne rad iometer  has been developed for  ground-  
based  measurements o f  a t m o s p h e r i c  s o l a r  a b s o r p t i o n  s p e c t r a  i n  t h e  9 t o  12 
.n ic ron   spec t ra l   range.  The   pe r fo rmance   and   ope ra t i ng   cha rac te r i s t i cs   o f   t h i s  
Tunable Lnfrared Heterodyne Radiometer (TIHR) wil be d i scussed  a long  w i th  
r e c e n t l y  rneasured-heterodyne-so1 a r  a b s o r p t i o n  s p e c t r a  i n  t h e  1 0 - 1  1 micron 
s p e c t r a l   r e g i o n .  
INTRODUCTION 
F i x e d  f r e q u e n c y  o r  d i s c r e t e l y  t u n a b l e  C02 l a s e r  l o c a l  o s c i l l a t o r s  (LO) 
have  been  used i n  he te rodyne  rad iomete rs  to  measure  se lec ted  spec ies  o f  
a t m o s p h e r i c   o r   a s t r o n o m i c a l   i n t e r e s t  ( l ) ,  ( 2 )  , ( 3 )  ( 4 ) ,  ( 5 )  , ( 6 ) .  The range 
o f  a p p l i c a t i o n s  have i n  general  depended  upon  coincidences  between CO2 l a s e r  
emiss ion   wave lengths   and  absorp t ion   l ines   o f   the   des i red   spec ies .   Of ten   no  
o v e r l a p  e x i s t s  o r  t h e  c l o s e  c o i n c i d e n c e s  t h a t  a r e  a v a i l a b l e  a r e  c o n t a m i n a t e d  
by   i n te r fe rences   f rom  o the r   a tmospher i c   spec ies .   Fa r  more important,  however, 
f o r  moni t o r i n y  a wide range o f  s p e c i e s  i s  t h e  1 imi t e d  o v e r a l l  c o v e r a g e  
ava i l ab le  f rom conven t iona l  CO2 laser  sys tems ( i .e .  , from % 9 t o  11.5 mic ro-  
m e t e r s ) .   C l e a r l y ,   t h e   u s e   o f   p a s s i v e  I R  heterodyne  techniques  would  be 
g r e a t l y  enhanced through the use o f  t u n a b l e  l a s e r  LO 'S  o p e r a t i n g  o v e r  a 
w i  de r  spec t ra l  reg ion .  
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T u n a b l e  D i o d e  L a s e r s  ( T D L )  a r e  c u r r e n t l y  t h e  o n l y  c o m m e r c i a l l y  a v a i l a b l e  
d e v i c e s  t h a t - o f f e r t h e  p o t e n t i a l  f o r  s p e c t r a l  c o v e r a g e  f r o m  3 - 3 0  m i c r o m e t e r s .  
These lasers  have  been  successfu l ly   used  as  LO'S i n  he terodyne sys tems fo r  
as t ronomica l  obse rva t i ons  ( 7 )  o f  t h e  t h e r m a l  e m i s s i o n  f r o m  Mars  and t h e  moon 
and f o r  l i m i t e d  s t r a t o s p h e r i c  measurements o f  s o l a r  a b s o r p t i o n  b y  o z o n e  (8 ) .  
Ku and  Spears ( 9 )  have  repo r ted  on  the  use  o f  TDL LO t o  d e t e c t  C2H4 i n  a 
l abo ra to ry  env i ronmen t  us ing  a 900K b lackbody as  the  source  and they  a lso  
repo r t  on  excess  RF no ise  genera ted  i n  a heterodyne  system  by a d i o d e  l a s e r .  
A d d i t i o n a l  l a b o r a t o r y  s t u d i e s  o n  t h e  e f f e c t s  o f  TDL generated  no ise  on 
h e t e r o d y n e   a p p l i c a t i o n s   h a v e   b e e n   r e p o r t e d   b y   ( l o ) ,  (ll), (12),   and  (13).  
O f  p a r t i c u l a r  s i g n i f i c a n c e  a r e  t h e  r e s u l t s  r e p o r t e d  b y  A l l a r i o  e t  a1 (12)  
d e m o n s t r a t i n g  t h a t  t h e  p e r f o r m a n c e  o f  a TDL rad iometer  can be comparable 
t o  t h a t  a v a i l a b l e  f r o m  a CO2 l a s e r  system. 
I n  t h i s  p a p e r ,  we r e p o r t  on  the  des ign  and use o f  a TDL he te rodyne  rad io -  
meter  fo r  h igh  reso lu t ion  ground based a tmospher ic  so la r  absorp t ion  measure-  
ments .   The  per fo rmance  and  opera t ing   charac ter is t i cs   o f   the   sys tem wil be 
d i scussed  a long  w i th  a tmospher i c  abso rp t i on  o f  HNO3, 03, C02, and Hz0 i n  t h e  
9 -11   m ic romete r   spec t ra l   reg ion .   These   da ta   a long   w i th   add i t i ona l   spec t ra  
t o  be o b t a i n e d  w i t h  t h i s  s y s t e m ,  when c o u p l e d  t o  e x i s t i n g  F o u r i e r  t r a n s f o r m  
s p e c t r a  ( 1 4 )  wil b e  u s e f u l  f o r  i d e n t i f y i n g  optimum LO w a v e l e n g t h s  f o r  f u t u r e  
t r o p o s p h e r i c  a n d  s t r a t o s p h e r i c  m o n i t o r i n g .  
EXPERICiErlTAL DETAILS 
The Tunable  In f rared  Heterodyne  Radiometer   (TIHR)  d iscussed  here i s  shown 
i n  f i g u r e  1. I t i s  c u r r e n t l y  c o u p l e d  t o  an e i g h t  i n c h  h e l i o s t a t  l o c a t e d  o n  
t h e  r o o f  o f  a l abo ra to ry   a t   Lang ley   Research   Cen te r ,  Hampton, VA. The c u r r e n t  
v e r s i o n  o f  t h e  T I H R  i s  d e s i g n e d  t o  o p e r a t e  o v e r  t h e  s p e c t r a l  r e g i o n  f r o m  8 t o  
72 microns.  The l o w e r   w a v e l e n g t h   c u t o f f   i s   d i c t a t e d   b y  a l o n g   p a s s   o p t i c a l  
f i l t e r  i n  t h e  s o l a r  p a t h ,  w h i l e  t h e  l o n g  w a v e l e n g t h  c u t o f f  i s  due t o  t h e  
s p e c t r a l   r e s p o n s e   o f   t h e   h i g h   s p e e d  HgCdTe photomixer .  The TDL's  are  mounted 
i n  a c o m m e r c i a l l y  a v a i l a b l e  c l o s e d  c y c l e  c o o l e r  m o d i f i e d  t o  r e d u c e  f r e q u e n c y  
f l u c t u a t i o n s   i n   t h e   l a s e r   o u t p u t .   R a d i a t i o n   f r o m   t h e  TDL i s  c o l l e c t e d  and 
c o l l i m a t e d   b y  an f / l  Ge l e n s .  The  monochromator shown i n  f i g u r e  1 i s  o n l y  
used f o r   c o a r s e   w a v e l e n g t h   c h a r a c t e r i z a t i o n   a n d   i d e n t i f i c a t i o n .   D u r i n g  
o p e r a t i o n  o f  t h e  r a d i o m e t e r ,  t h e  m o n o c h r o m a t e r  i s  b y p a s s e d  b y  u s i n g  t h e  f i r s t  
f l i p  m i r r o r  and f o r  m u l t i m o d e  l a s e r  o p e r a t i o n ,  a s c a n n i n g  e t a l o n  i s  i n s e r t e d  
i n  t h e  o p t i c a l  p a t h  t o  i s o l a t e  a n d   t r a c k  a s i n g l e  TDL mode. The TDL a n d   s o l a r  
r a d i a t i o n  a r e  c o m b i n e d  a t  t h e  1 : l  ZnSe beamsp l i t te r  and then focused on to  a 
LN2 coo led  HgCdTe p h o t o m i x e r   w i t h   a n   f / 2  Ge l e n s .   T h e   i n c o m i n g   s o l a r   r a d i a t i o n  
f r o m  t h e  h e l i o s t a t  ( o r  1300K b l a c k b o d y  f o r  c a l i b r a t i o n  a n d  a l i g n m e n t )  i s  
m e c h a n i c a l l y  c h o p p e d  a n d  f i l t e r e d  u s i n g  t h e  e i g h t  m i c r o n  l o n g  p a s s  o p t i c a l  
f i l t e r .  The TDL r a d i a t i o n  r e f l e c t e d  b y  t h e  b e a m s p l i t t e r  i s  d i r e c t e d  i n t o  a 
w a v e l e n g t h  i d e n t i f i c a t i o n  s y s t e m  s i m i l a r  t o  t h a t  u s e d  i n  s t a n d a r d  TDL 
spect roscopic   systems.  The gas c e l l ,  w i t h  a s u i t a b l e   r e f e r e n c e  gas,   prov ides 
an a b s o l u t e  f r e q u e n c y  s c a l e  w h i l e  t h e  s o l i d  Ge e t a l o n  p r o v i d e s  a r e l a t i v e  
f r e q u e n c y  s c a l e  t o  a c c o u n t  f o r  t h e  n o n l i n e a r  t u n i n g  r a t e  o f  t h e  l a s e r  o v e r  
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extended wavelength reg ions and between absorpt ion l ines f rom the reference 
gas. 
One o f  t h e  a d v a n t a g e s  o f  t u n a b l e  LO'S i s  t h a t  t h e  r a d i o m e t e r  c a n  be  used 
e i t h e r  as a scann ing   o r   f i xed   f requency   sys tem.  As a f i x e d  f r e  uency  system, 
t h e  TIHR u t i l i z e s  a w ide  bandwid th  photomixer  and IF  ampl i f ie r  9 i .e .  , 5-2000 
MHz). The I F  o u t p u t  i s  c h a n n e l i z e d  u s i n g  up t o  16 I F  f i  1 t e r s .  The o u t p u t  
f rom each f i l t e r  i s  r e c t i f i e d  b y  a c rys ta l  de tec to r  and  synch ronous ly  de tec ted  
by a l o c k - i n  a m p l i f i e r  r e f e r e n c e d  t o  t h e  c h o p p e r  i n  t h e  s o l a r  p a t h .  I n  t h e  
scanning mode r e p o r t e d  h e r e ,  t h e  w i d e b a n d  w i d t h  a m p l i f i e r  i s  r e p l a c e d  w i t h  a 
l o w e r  n o i s e  a m p l i f i e r ,  h a v i n g  a much narrower  bandwidth ( i .e .  , 1-200 MHz), 
a s i n g l e  1 0 0  MHz bandwidth  low  pass I F  f i l t e r ,  c r y s t a l  d e t e c t o r  and l o c k - i n  
a m p l i f i e r .  The scanning mode o f fe rs   t he   advan tage   o f   w ide r   spec t ra l   cove rage  
l i m i t e d  o n l y  b y  t h e  t u n i n g  r a n g e  o f  t h e  TDL. The f i x e d  f r e q u e n c y  o p e r a t i o n ,  
however, o f f e r s  a m u l t i p l e x  a d v a n t a g e  t h r o u g h  t h e  u s e  o f  m u l t i p l e  I F  channels 
d h i c h  c a n  b e  i m p o r t a n t  f o r  q u a n t i t a t i v e  measurements o f  t r a c e  m o l e c u l e s .  
It i s  w e l l  known t n a t  t h e  g a i n  c u r v e  o f  l e a d  s a l t  l a s e r s  i s  b r o a d  enough 
t o   s u s t a i n   s e v e r a l   l o n g i t u d i n a l  modes i n  i t s  emission  spectrum.  For  most 
a p p l i c a t i o n s ,  a s i n g l e   l o n g i t u d i n a l  mode i s   d e s i r e d .  To f a c i l i t a t e  t h e  use 
a f  t h e  s c a n n i n g  mode o f  t h e  T IHR,  t h e  e t a l o n  shown i n  f i g u r e  1 was used t o  
i s o l a t e  and t r a c k  a s i n g l e  l o n g i t u d i n a l  mode. Use o f   an   e ta lon   f o r  mode 
i s o l a t i o n   p r o v i d e s  a s imp le   compact   echn ique  w i th   h igh   th roughput .   Fur ther -  
no re ,  t he  cen te r  o f  t he  bandpass  cu rve  fo r  t he  e ta lon  can  eas i l y  be  l ocked  
t o  t h e  peak o f  an i n d i v i d u a l  mode f o r  o p e r a t i o n  o v e r  an ex tended  spec t ra l  
range. The e l e c t r o n i c   f e e d b a c k   s y s t e m   u s e d   f o r   t r a c k i n g   t h e  TDL  was assembled 
us ing   s tandard   components .   A f te r   cen ter ing   the   e ta lon   t ransmiss ion   peak   on   the  
d e s i r e d  TDL mode, a small   1000 Hz AC d i t h e r  v o l t a g e  o b t a i n e d  f r o m  t h e  i n t e r n a l  
3 s c i l l a t o r  o f  a l o c k - i n  a m p l i f i e r  was a p p l i e d  t o  t h e  e t a l o n  c o n t r o l  v o l t a g e .  
Near  the  e ta lon  t ransmiss ion  peak  the  TDL r a d i a t i o n  i s  m o d u l a t e d  s u c h  t h a t  t h e  
-1rodulat ion  ampli tude i s  p r o p o r t i o n a l  t o  t h e  o f f s e t  between  the  peak o f  t h e  
e t a l o n  t r a n s m i s s i o n  c u r v e  a n d  t h e  i s o l a t e d  TDL mode; t h e  phase o f  t h e  modu- 
l a t e d  TDL s i g n a l  r e l a t i v e  t o  t h e  d i t h e r  v o l t a g e  depends  on w h i c h  s i d e  o f  t h e  
e t a l o n   t r a n s m i s s i o n   c u r v e   t h e   i s o l a t e d  mode i s   l o c a t e d .   T h e r e f o r e ,  a phase/ 
ampl i tude  dependent   s ignal  i s  o b t a i n e d  b y  s y n c h r o n o u s l y  d e t e c t i n g  t h e  modu- 
l a t i o n  on t h e  DC c u r r e n t  g e n e r a t e d  i n  t h e  p h o t o m i x e r  b y  t h e  TDL r a d i a t i o n .  
T h i s  i s  used t o  c o n t r o l  t h e  e t a l o n  p l a t e  s p a c i n g  v i a  a v a r i a b l e  g a i n  h i g h  v o l t -  
age a m p l i f i e r   i n t e r n a l   t o   t h e   e t a l o n   c o n t r o l  module. To m i n i m i z e   t h e   e f f e c t s  
on t h e  h e t e r o d y n e  s i g n a l ,  t h e  d i t h e r  f r e q u e n c y  was chosen t o  be  an  odd m u l t i -  
p l e  O f  the cnopper  f requency i n  t h e  s o l a r  p a t h  and much l a r g e r  t h a n  t h e  
e f f e c t i v e   p o s t   i n t e g r a t i o n   f r e q u e n c y .   F i g u r e s  2a and  2b i l l u s t r a t e  t h e  
o p e r a t i o n  o f  t h e  t r a c k i n g  e t a l o n .  The u p p e r  t r a c e  i n  e a c h  f i g u r e  i s  t h e  
he te rodyne  s igna l  ob ta ined  us ing  a 1300K b lackbody  sou rce  wh i l e  the  l ower  
t r a c e  i s  t h e  o u t p u t  o f  t h e  s o l i d  e t a l o n  i n  t h e  w a v e l e n g t h  i d e n t i f i c a t i o n  
s e c t i o n .   I n   f i g u r e  2a, t h e   g e n e r a l   s h a p e   o f   t h e   h e t e r o d y n e   s i g n a l   r e s u l t s  
f rom the  convo lu t i on  o f  t he  TDL power curve and the bandpass funct ion of  the 
s t a t i c  e t a l o n .  I n  f i g u r e  2b, where   the   e ta lon  i s  l o c k e d  t o  t h e  peak  of   the 
tun ing  range  used i n  f i g u r e  2a .   More   impor tan t ,   the   con t inuous   spec t ra l  
coverage i s  now l i m i t e d  o n l y  b y  t h e  t u n i n g  r a n g e  o f  t h e  i n d i v i d u a l  mode and 
t h e  o v e r a l l  s i g n a l  v a r i a t i o n  i s  now due t o  t h e  t r u e  v a r i a t i o n  i n  l a s e r  power. 
TDL mode, t h e r e  i s  l i t t l e  v a r i a t i o n  i n  t h e  TDL power  curve  Over  the Same 
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Tab le  I g i v e s  t h e  s p e c t r a l  r e g i o n s  t h a t  h a v e  been  covered t o  d a t e  u s i n g  
t w o  l e a d  s a l t  l a s e r s ;  one p r o v i d e d  b y  D r .  Wayne Lo,  from  General  Motors 
Research  Labora tory ,  and the  o ther  ob ta ined f rom Laser  Ana ly t i cs ,  Inc .  
F igu res  3, 4, and ti show s p e c t r a  i n  w h i c h  a l l  t h e  f e a t u r e s  have  been i d e n t i -  
f i e d .   F o r   t h e   d a t a  shown he re ,   t he  LO power  anged  from  about 200 t o  300 
m ic rowa t t s .  Each s p e c t r a  was reco rded  i n  t h e  s c a n n i n g  m de w i t h  a 100 MHz 
low pass I F  f i l t e r  ( i . e . ,  s p e c t r a l  r e s o l u t i o n  Q .007 cm- P ) and a p o s t  
i n t e g r a t i o n  t i m e  o f  2.5 secs. The m e a s u r e d   s i g n a l - t o - n o i s e   r a t i o  (SNR) 
ranged  f rom 200 t o  300. For   the  above  system  parameters,   the maximum expected 
SNR v iew ing   t he   una t tenua ted   so la r   ene rgy   i s   app rox ima te l y   800 .   A tmospher i c  
a t tenuat ion ,  mismatch  be tween the  TDL and s igna l  wavef ron ts  a long w i th  un-  
c e r t a i n t i e s  i n  some system  parameters  such  as  opt ica l   throughput   and  photo-  
m i x e r  e f f i c i e n c y  e x p l a i n  t h e  l o w e r  SNR a c t u a l l y  measured.  The da ta  shown i n  
f i g u r e  3 i nc ludes  the  a tmospher i c  so la r  abso rp t i on  spec t ra  f rom 921 .1  cm-1 
t o  921.6 cm-1; the  abso lu te  f requency  mark  was obta ined f rom the wavelength 
I D  gas c e l l  w i t h  ammonia as t h e  c a l i b r a t i o n  gas ,  and the  re la t i ve  f requency  
marks   f rom  the   so l id   german ium  e ta lon .  The o n l y   f e a t u r e   s e e n   i n   t h e   a t m o s -  
p h e r i c   s p e c t r a  i s  a t t r i b u t e d   t o   w a t e r   v a p o r .  1.t i s  i n t e r e s t i n g  t o  n o t e  t h a t  
f o r  t h i s  s p e c t r a l  r e g i o n  a t m o s p h e r i c  ammonia s h o u l d  b e  d i s c e r n i b l e  a t  t r o p o s -  
p h e r i c   l e v e l s   g r e a t e r   t h a n  1 p p b .   A l s o ,   n o t e   t h a t   t h e   h a l f w i d t h   o f   t h e   w a t e r  
vapor  abso rp t i on  i s  app rox ima te l y  3 GHz as expec ted  fo r  a t ropospher i c  spec ies .  
F i g u r e  4 shows a s p e c t r a l  r e g i o n  e x h i b i t i n g  ozone  abso rp t i on  fea tu res  w i th  
h a l f w i d t h s  w h i c h  c a n  b e  a t t r i b u t e d  t o  s t r a t o s p h e r i c  p r e s s u r e  b r o a d e n i n g  a n d  a 
CO2 f e a t u r e  w i t h  a h a l f w i d t h   c o n s i s t e n t   w i t h   t r o p o s p h e r i c   b r o a d e n i n g .  The 
a b s o l u t e  w a v e l e n g t h  f o r  t h i s  s p e c t r a  was ob ta ined f rom the  R(34)  (0001 - 02OO) 
C O 2  f e a t u r e .   T h i s   s p e c t r u m   a l s o  shows t h e   a f f e c t   o f  a l o n g i t u d i n a l  mode  chanq:. 
i n  t h e  TDL e m i s s i o n  w h i c h  o c c u r s  a t  t h e  p o i n t  s e p a r a t i o n  r e g i o n s  1 and 2 where 
r e g i o n  1 i s  n e a r  1086.8 cm-1 and  reg ion  2 i s  near  1088.6 cm-1. F i g u r e  5 shows 
the  a tmospher ic  absorp t ion  spec t ra  f rom about  896.0  cm-1 t o  896.6 cm-1, a l o n g  
w i t h  t w o  r e f e r e n c e  s p e c t r a  f r o m  t h e  w a v e ' l e n g t h  i d e n t i f i c a t i o n  s e c t i o n  o f  t h e  
TIHR.  The r e f e r e n c e   s p e c t r a   i s   f o r   p u r e  HN03 (upper   t race)   and  low  p ressure  
HNO3 b r o a d e n e d   b y   a p p r o x i m a t e l y   5 0   t o r r   o f   a 1 r   ( m i d d l e   t r a c e ) .  The f i n e  
s t r u c t u r e  seen i n  t h e  a t m o s p h e r i c  s q e c t r a  c a n  b e  a t t r i b u t e d  t o  s t r a t o s P h e r i c  
n i t r i c  a c i d .  The wavelengths identified on t h i s  f i g u r e  were  obta ined  f rom 
Brockman e t  a l .  (15 ) .  The b r o a d   f e a t u r e   a t  896.507 cm-1 has  been a t t r i -  
b u t e d  t o  a b s o r p t i o n  p r i m a r i l y  b y  Hz0 and CO2. It i s  s i g n i f i c a n t  t o  n o t e  t h a t  
l o w e r  r e s o l u t i o n  ( .02  cm") g r o u n d  b a s e d  d a t a  ( 1 4 )  a v a i l a b l e  f o r  t h i s  r e g i o n  
shows o n l y  t h e  Hz0 and CO2 a b s o r p t i o n  a n d  l i t t l e  if any of  the HN03 f i n e  
s t r u c t u r e  seen i n  f i g u r e  5. F i g u r e  6 shows a syn the t i c   a tmospher i c   spec t ra  
g e n e r a t e d   u s i n g   t h e   l i n e   p a r a m e t e r s   f o r  CO2, H20, (16)  and HNO3 (15) .  Wi th  
t h e  e x c e p t i o n  o f  t h e  o v e r a l l  shape o f  t h e  e x p e r i m e n t a l  d a t a  due t o  t h e  TDL 
power v a r i a t i o n ,  t h e  s i m i l a r i t y  be tween the  syn the t ic  spec t rum and the  
exper imenta l   spect rum i s  e v i d e n t .  W i t h  t h e  a d d i t i o n  o f  a b l a c k b o d y   c a l i -  
b ra t i on  sou rce ,  t he  exper imen ta l  da ta  cou ld  be  used  t o  o b t a i n  HNO3 
p r o f i l e s .  
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SUMMARY 
In summary, we have shown the design and operat ing character is t ics  of  a 
tunable infrared heterodyne radiometer which uses a tunable diode laser as a 
loca l  osc i l la tor .  The use  of a scanning  etalon  as a mode i so la tor  as  wel l  as  
the improvement i n  system  performance when the etalon was lockedto the TDL was 
shown. Atmospheric  absorption  spectra. of selected regions from the 9 and 11 
micrometer were presented.  These  data  exhibited  the  highest  resolution HNO3 
atmospheric spectra obtained to date and demonstrated the a b i l i t y  of the TIHR 
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Table 1. Approximate wave number range  and  atmospheric  species  which 
cause the  absorp t ion .  
”. . 
WAVE NUMBER RANGE (ctn-1) ABSORBING  SPECIES 
1064.0 - 1064.6 
1066.2 - 1067.1 
1068.3 - 1069.4 
1070.9 - 1071.7 
1072.8 - 1073.7 
1075.0 - 1076.0 
1077.4 - 1078.2 
1079.4 - 1080.2 
1081.8 - 1082.5 
1084.2 - 1085.0 
1086.5 - 1087.2 
1088.7 - 1089.3 
1091.2 - 1091.8 
1092.7 - 1093.2 
896.0 - 896.6 
921.1 - 921.6 
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Figure 1.- Optical  schematic of the tunable  infrared heterodyne radiometer .  
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I 
Source  temperature = 1300 K 
Heterodyne  signal 
.dl .68 I 
Current  (Amps) 
(a) Blackbody ( 1 3 0 0 K )  he te rodyne  s igna l  ob ta ined  wi th  a TDL mode i s o l a t e d  
wi th  a f ixed  spac ing  on the  scann ing  e t a lon  in  f igu re  1. 











Current  (Amps) 
(b)  Same as i n  ( a )  above except  the scanning etalon was locked t o  t h e  TDL 
mode us ing  a convent iona l  feedback  c i rcu i t .  
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Direct  detected NH3 reference spectrum 3 
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Figure 3.- Heterodyne solar absorption spectrum of atmospheric water 
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Figure 4.- Heterodyne solar absorption spectra of atmospheric ozone and 
C 0 2 .  The absolute wavelength was ident i f ied by the broad  atmosphere 
R(34) (OOol - 02OO)  C02 l i ne .  
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Figure 6.- Synthetic atmospheric spectrum i n  the same spectral region as 
shown i n  figure 5. 
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